Activity-dependent shrinkage of extracellular space (ECS) is described in a simple model of the mammalian central nervous system, the rat optic nerve. In response to neural activation, the ECS of the mature nerve rapidly and reversibly decreases by as much as 20%. Activity-dependent ECS shrinkage is not present in neonatal nerves but develops over the first 2 weeks of life, roughly coincident with the appearance of glial cells in this structure. These and other observations suggest that activity-dependent ECS shrinkage results from fluid and electrolyte movements into glial cells.
The mammalian central nervous system (CNS) responds to a wide variety of stimuli by swelling (Hochwald and Camins, 1981) . The mechanisms which account for cell swelling in this tissue are poorly understood and are not likely to be the same under all circumstances (Hertz, 1981) . For example, the rapid and reversible increases in brain cell volume which accompany relatively physiological stimuli, including neural activity (Lipton, 1973; Dietzel et al., 1982) , are probably mediated differently from the swelling often seen in association with anoxia, inflammation, or CNS neoplasia (Hochwald and Camins, 1981) . Rapid increases in brain cell volume associated with concurrent shrinkage of the extracellular space (ECS) are of particular interest. Such changes may secondarily alter extracellular concentrations of ions and neurotransmitters, extracellular current flow, and tissue oxygenation (by increasing intercapillary distances) (Bourke et al., 1980) . The developing rat optic nerve has proven to be a very useful preparation for the study of activity-dependent changes of extracellular potassium concentration ( [K+lo; Connors et al., 1982) . At birth, its axons are of relatively uniform diameter and entirely premyelinated (Foster et al., 1982) ; glial cells are very rare and undifferentiated.
Nerve maturation and glial proliferation proceed rapidly during the first 2 to 3 postnatal weeks. Using ion-sensitive microelectrodes, we have analyzed neural activity-dependent ECS shrinkage in rat optic nerves at different ages.
Materials and Methods
Optic nerves from pigmented Long-Evans rats, 1 to 40 days old, were dissected free, placed in a recording chamber maintained at 37"C, and continuously bathed in an oxygenated physiological saline containing 5 mM [K+] (Connors et al., 1982 
Results
As previously described (Connors et al., 1982) , the magnitude of activity-dependent [K+10 change depends importantly on age. When stimulated repetitively, l-to 4-day-old optic nerves exhibited maximum
[K+los of 15 to 20 mM (Fig. 1A) . During the second postnatal week, activity-dependent increases in [K+10 became limited to no more than 10 to 12 mM, the socalled "ceiling level" for extracellular K+ accumulation under mature physiological circumstances (Heinemann and Lux, 1977; Connors et al., 1982) . When lo-set trains of stimuli were applied to adult nerves in the presence of choline+ or TMA+, the measured concentrations of these ions increased, indicating a shrinkage of the ECS. This activity-dependent ECS shrinkage was reversible and had a slower time course than corresponding [K],(mM) Figure 2 . Graph of maximum ECS shrinkage as a function of maximum [K'10 for nerves of three different ages stimulated at different frequencies.
This graph was constructed from data as in Figure 1A . (Fig. 1A) . In contrast to adult nerves, stimulation of nerves 1 to 4 days old produced little or no change in TMA or choline concentrations (Fig. lA, lower traces) . When activity-dependent ECS shrinkage was seen, its magnitude depended upon the frequency of the stimulus train (Fig.   1B ). There was also a close correlation between the magnitude of the change in evoked [K'10 and the amount of the ECS shrinkage (Fig. 2) . The steepness of this relationship increased for the first 20 days of life and then became relatively constant.
We determined the developmental timetable for activitydependent ECS shrinkage in 45 optic nerves from animals 1 to 40 days of age. Nerves were first stimulated (lo-set trains) in normal solution to determine the stimulus parameters which produced the maximum [ K'10 increase. The solution was then switched to one containing TMA' and the same stimulus parameters were reapplied to test for changes in ECS volume. The relationship between maximum ECS shrinkage and postnatal age is shown in Figure 3 . Significant ECS shrinkage first appeared in animals approximately 1 week old and increased progressively before reaching a stable level of 10 to 15% during the third week. The maximal values plotted in Figure 3 specifically refer to results obtained using lo-see trains; greater amounts of ECS shrinkage (up to 20%) were often seen with more prolonged stimulation in older nerves. The temporal correspondence between evoked [K'10 and ECS shrinkage ( Figs. 1 and 2) , along with evidence from other models of brain cell swelling (e.g., Kimelberg, 1979) shrinkage. We tested the possibility that increases in [K'k, were directly and exclusively responsible for initiating shrinkage of the ECS by iontophoretically applying this ion to the ECS of adult rat optic nerves. An iontophoretic pipette containing 150 mM KC1 was positioned within 100 pm of the K+-sensitive microelectrode such that iontophoretic currents produced measurable increases in [K'10 (Fig. 4 ). The bathing solution was then switched to one containing TMA', and the iontophoretic application of K' was repeated. As seen in Figure  4 , iontophoretic application of K' failed to produce ECS shrinkage; in fact, there was a dose-dependent increase in ECS as indicated by the reduction in the TMA' signal. In contrast, a similar increase in [K'],, due to neural stimulation was associated with a [TMA'] increase and, therefore, an ECS shrinkage (Fig. 4) . Thus, an increase in [K'],, may be a necessary condition for ECS shrinkage, but it is not by itself sufficient.
CNS tissue swelling (Lipton, 1973; Kimelberg, 1979) and cell volume regulation, in general, appear to depend upon anion transport systems (Skoff et al., 1976; Fisher et al., 1981; Hertz, 1981; Russell, 1983) . Activity-dependent ECS shrinkage was reduced as much as 70% by exposure to known blockers of these systems (Heinemann and Lux, 1977) : Cl--free solution (all Cl-substituted with either propionate or acetate), SITS (1 mM;
4-acetamido-4-isothiocyanostilbene-2,2'-disulfonic acid), and furosemide (10 mM). The effects of these treatments gradually reversed after switching back to control solution (Fig. 5) . None of these treatments produced significant changes in the maximum [K'10 which was evoked by stimulus trains in non-TMA+-containing solutions (not illustrated). These results imply that anion transport systems are importantly involved in activity-dependent ECS shrinkage.
Discussion
Structurally, the major event occurring in the rat optic nerve coincident with the development of activity-dependent ECS shrinkage is the proliferation of glial cells (Fig. 6) . The rat optic nerve contains almost no glia at birth, but over the first 2 weeks of life it is populated first with astrocytes and then with oligodendrocytes (Skoff et al., 1976) . Axon diameters remain constant during the first week, and the first wraps of myelin do not occur until the second week (Foster et al., 1982) (Fig.  6 ). The appearance of activity-dependent ECS shrinkage slightly lags the birth of glial cells; this may represent the time necessary for the development of mature glial function corresponding to the period of morphological differentiation which follows final cell division (Skoff et al., 1976 Bondareff and Pysh, 1968; Van Harreveld, 1972) . A morphometric study on developing rat cortex showed a reduction in ECS of from 40.5% of tissue volume at 10 days to 26.3% at 21 days (Bondareff and Pysh, 1968) . Conceivably, this could contribute to the developmental changes in activity-dependent ECS shrinkage reported here. If one assumed that at all stages of development neural activity caused a fixed amount of cellular swelling (involving both axons and glial cells) at the expense of extracellular volume, then the magnitude of observed ECS shrinkage would increase as the absolute size of the ECS decreased. If the ECS decreased from 40% to 20% with development and neural activity caused a constant 3% increase in cell volume, the resulting ECS shrinkage would be 4.5% and 12%, respectively. Thus, even extreme changes in absolute ECS volume are insufficient to solely account for the developmental trend reported here (i.e., Fig. 3) . Furthermore, the developmental changes in ECS dimensions may be more complicated than suggested above, with an early phase of ECS increase preceding the steady decrease in ECS (Caley and Maxwell, 1970) . The large increase in activity-dependent ECS shrinkage which occurs during this early period (i.e., the first 10 postnatal days; Fig. 3) could not, therefore, be explained by the above mechanism. Finally, available evidence suggests that swelling within the CNS does not involve small, nonmyelinated axons (Van Harreveld, 1972) . To summarize, changes in resting ECS dimensions may influence the magnitude of activity-dependent ECS shrinkage, but they cannot account for its striking developmental course. The temporal coincidence of glial proliferation and activitydependent ECS shrinkage, coupled with the results of studies using anion transport blockers, suggests that dynamic ECS shrinkage results from fluid and electrolyte shifts into glial cells mediated by specific anion transport systems. Similar anion transport processes have been described in neuronal membranes (Russell, 1983) , but the absence of ECS shrinkage in essentially glia-free neonatal nerves argues against a quantitatively significant contribution by axons to this process (cf. Van Harreveld, 1972) . Brain cell swelling elicited in other experimental models may utilize similar mechanisms (Kimelberg, 1979; Bourke et al., 1980; Hertz, 1981) . The activitydependent event(s) which triggers glial swelling may be a metabolic alteration such as a change in acid-base balance or local changes in CO, or O2 tension (Kraig et al., 1983; cf. Kimelberg, 1979) . It is unlikely that increases in [K'10 are directly responsible for glial swelling (Fig. 4) . Additionally, a spatial buffering mechanism (Deitzel et al., 1980) for K' cannot be the sole explanation for swelling in this situation, since this mechanism should not be influenced by anion transport blockers. These observations provide insight into the mechanisms involved in the ionic and fluid homeostasis of the mammalian CNS and establish the developing rat optic nerve as a useful model system for investigating these questions.
